Since radiation-induced caspase-dependent apoptosis and ROS generation were partially prevented by HSP25 overexpression, similar to the treatment of control cells with antioxidant agents such as DPI and tiron, questions arise whether radiation-mediated ROS generation contributes to the apoptotic cell death, and also whether HSP25 overexpression can reduce ROS mediated apoptotic cell death. In the present study, radiation-induced cytochrome c release from mitochondria and activation of caspases accompanied by a decrease of mitochondrial membrane potential in Jurkat T cells were shown to be inhibited by mitochondrial complex I inhibitor rotenone, suggesting that mitochondrial ROS might be important in radiation-induced caspase-dependent apoptosis. When HSP25 was overexpressed, effects similar to the treatment of cells with the antioxidants were obtained, indicating that HSP25 suppressed radiation-induced mitochondrial alteration that resulted in apoptosis. Furthermore, activation of p38 MAP kinase by radiation was associated with radiation-induced cell death and ROS production and PKCd was an upstream molecule for p38 MAP kinase activation, ROS generation and subsequent caspase-dependent apoptotic events. However, in the HSP25 overexpressed cells, the above-described effects were blocked. In fact, radiation-induced membrane translocation of PKCd and tyrosine phosphorylation were inhibited by HSP25. Based on the above data, we suggest that HSP25 downregulates PKCd, which is a key molecule for radiation-induced ROS generation and mitochondrial-mediated caspase-dependent apoptotic events.
Introduction
Small heat shock protein (sHSP) has been suggested to protect cells against apoptotic cell death, triggered by a variety of stimuli, including hyperthermia, ionizing radiation, oxidative stress, Fas ligand and cytotoxic drugs (Huot et al., 1991; Oesterreich et al., 1993; Garrido et al., 1996; Park et al., 2000; Cho et al., 2002) . We earlier reported that radioprotecting effect of HSP25 was to delay cell growth, which was likely mediated by inhibition of cyclin D1, A, and Cdc2 expressions, and increase of Bcl-2 expression (Park et al., 2000) . In addition, HSP25 overexpression downregulates ERK1/2 expression, and HSP25-mediated ERK2 suppression is involved in HSP25-induced radioresistance and cell cycle delay . Furthermore, HSP25 overexpression attenuated oxidative stress-induced apoptosis that was mediated by inhibition of PKCd-mediated ERK1/2 pathway and by induction of MnSOD gene (Yi et al., 2002; Lee et al., 2004) .
To account for the antiapoptotic effect of sHSP, it has been proposed that this protein modulates the intracellular redox state . More specifically, sHSP is shown to reduce the production of reactive oxygen species (ROS) by increasing intracellular glutathione contents (Garrido et al., 1996) , and has been suggested to neutralize the toxic effects of oxidized proteins by its chaperone-like activity (Rogalla et al., 1999) . However, since sHSP has protective ability against toxic stimuli that do not necessarily induce ROS production, other protective mechanisms of sHSP have also been suggested.
The mechanism by which radiation kills cells and differs depending on the cell type is a topic of great interest along with the role played by apoptosis in response to this genotoxic agent. Radiation generates ROS, including H 2 O 2 , O 2 À and OH À , which have been identified as important chemical mediators that regulate signal transduction. However, exact mechanisms of how radiation can generate ROS are not well characterized. ROS may trigger the activation of multiple signaling pathways that influence the cytotoxicity observed in affected cells, including phosphorylation cascade, which leads to the activation of MAPKs (Liu et al., 1996; Mehlen et al., 1996; Zou et al., 1997) , and radiationinduced mitochondrial ROS can affect mitochondrial membrane potential (MMP), which is also involved in radiation-induced apoptosis Luo, 1998, 1999) . Nevertheless, the mechanisms by which proapoptotic proteins are released from mitochondria remain unsettled. During apoptosis, mitochondria release at least two soluble proteins, cytochrome c and apoptosis inducing factor (AIF), from intermembrane space to cytosol, and these proteins initiate downstream apoptotic signaling events (Liu et al., 1996; Zou et al., 1997) .
Various PKC isoforms have been reported to play important roles in cell apoptosis (Martelli et al., 1999; Musashi et al., 2000) : PKCa and PKCe inhibit apoptosis by phosphorylating or increasing the expression of bcl2, respectively (Gubina et al., 1998; Ruvolo et al., 1998) , whereas PKCd, t and m have been implicated as proapoptotic kinases, mostly by being targets of caspase 3 (Koriyama et al., 1999; Endo et al., 2000) . Thus, apoptotic stimuli, such as ionizing radiation, result in the cleavage of PKCd and the accumulation of PKCd catalytic fragment, which is constitutively active (Ghayur et al., 1996; Koriyama et al., 1999) , and overexpression of the catalytic domain of PKCd results in nuclear fragmentation and cell apoptosis (Ghayur et al., 1996; Lee et al., 2002; Kim et al., 2003) .
In the present study, we for the first time observed that HSP25 reduced radiation-induced apoptosis in caspase-dependent manner, and that this death protective function of HSP25 was mediated by reduced production of ROS, which was downstream of PKCdp38 MAPK signaling: HSP25 inhibited PKCd kinase activity, resulting in the reduction of radiation-induced ROS production and caspase-dependent apoptosis.
Results
Reduction of radiation-mediated apoptosis in HSP25 overexpressing cells HSP25 has been shown to induce resistance to radiation and TNF-mediated oxidative stress in L929 cells (Susin et al., 1999; Cho et al., 2002) . Therefore, a possible relationship between HSP25 and resistance to DNA fragmentations was examined. As shown in Figure 1a , HSP25 antibody analysis indicated that the expression of HSP25 in the transfected cells was dramatically increased without changing other HSP proteins such as aB-crystaline, HSP70 and HSP90, when compared to that in control cells. Since chromosomal breakdown of DNA into 200 bp nucleosomal fragments and DNA condensation are hallmarks of cells undergoing apoptosis (data not shown), we also performed in situ flurometric analysis to identify apoptotic cells after radiation using Hoechst 33342 to detect nuclear condensation and DNA damage. In these control cells, fragmentation was clearly detectable after 48 h of irradiation, whereas HSP25 transfected cells showed much reduced apoptosis, compared to the control cells. PI staining of unirradiated cells showed a weak and diffused staining, indicating no nuclear condensation in these cells (Figure 1b) . To further confirm the results obtained by apoptosis and to assess the involvement of caspases in radiation-mediated apoptosis, activation of caspase-8, -9 and -3 was examined after the radiation. As seen in Figure 1c , caspase-8, -9 and -3 in the control cells were activated from 48 h of 5 Gy radiation, and PARP cleavage then occurred, while in the HSP25 overexpressing cells, these phenomena had attenuated. In addition, pretreatment of the cells with specific caspase inhibitors, caspase-8 (Z-DEVD-FMK, 50 mM), caspase-9 (Z-IETD-FMK, 50 mM) and caspase-3 (Z-ILEHD-FMK, 50 mM) (Figure 1d ) partially inhibited radiation-induced apoptosis; however, no further inhibition of apoptosis by caspase inhibitors was seen in HSP25 overexpressing cells. These results indicated that radiation-induced apoptosis was partially caspase dependent, and that HSP25 overexpression blocked radiation-induced caspase-dependent apoptosis.
HSP25 overexpression reduced ROS generation
As our previous data suggested that HSP25 overexpression induced MnSOD gene expression and enzyme activity (Yi et al., 2002) , we next examined whether HSP25-mediated reduction of apoptosis was related to ROS generation. Flow cytometric analysis, using the ROS-sensitive fluorescence probe DCFH-DA, revealed that HSP25 overexpression reduced endogenous ROS generation in U937 cells as well as Jurkat T cells (Figure 2a) . Figure 2b depicts a representative flow cytometric data of radiation-induced ROS production, exhibiting time-dependent increase: For example, radiation-induced ROS generation was increased from 6 h of radiation and attained two-fold increase of the control at 24 h of radiation. On the other hand, the HSP25 overexpressing cells did not induce ROS generation after the radiation, indicating that HSP25 reduced both endogenous and radiation-induced-ROS generation.
To examine possible involvement of ROS in radiationinduced apoptosis, the cells were pretreated with 5 mM tiron, O 2 À scavenger, or general ROS inhibitor (10 mM diphenylene iodonium (DPI)) for 1 h, and then stimulated with radiation. Figure 2c indicates that pretreat- HSP25 inhibits ROS-mediated apoptosis Y-J Lee et al ment with either tiron or DPI, which showed almost complete inhibition of ROS production (data not shown), dramatically reduced radiation-induced apoptosis in the control cells, whereas, in the HSP25 overexpressing cells, no difference and small reduction in the DPI treated and tiron treated cells, respectively were found, which were due to reduced ROS generation by HSP25. In addition, tiron or DPI pretreatment blocked the activation of caspase-8, -9, -3 and PARP cleavage (Figure 2d ), suggesting that radiation-induced apoptosis was redox-sensitive and HSP25 overexpression attenuated these phenomena.
Radiation-induced mitochondrial dysfunction was inhibited by HSP25 overexpression
Electron leakage from mitochondrial electron transport pathway is the primary source of ROS generation. Mitochondrial membrane depolarization is an event occurring in apoptosis, and it increases mitochondrial membrane permeability (MMP), thereby facilitating the release of proapoptotic factors, such as cytochrome c, into cytosol. Additionally, the AIF protein is a caspaseindependent proapoptotic factor released from mitochondria and activates caspases (Susin et al., 1999) . To evaluate the contribution of the mitochondrial pathway to the induction of apoptosis seen after radiation, we examined changes in MMP and cytochrome c release into the cytosol after the irradiation of the control cells. Figure 3a shows that the radiation significantly disrupted MMP, and the level of cytosolic cytochrome c and AIF was markedly increased (Figure 3b ). On the other hand, HSP25 blocked radiation-induced increase of MMP and cytosolic cytochrome c, but not AIF, suggesting that HSP25 inhibited cytochrome c-mediated caspase-dependent apoptosis. When the control cells were treated with rotenone, which is known as an inhibitor of mitochondrial ROS (Figure 3c ), radiationinduced apoptosis (Figure 3d ), cytochrome c release, and subsequent activation of caspases were all inhibited ( Figure 3e ), which were similar to the HSP25 overexpressing cells. Radiation-induced p38 MAP kinase phosphorylation was an upstream event of radiation-induced ROS production and caspase-dependent apoptosis, and HSP25 attenuated radiation-induced p38 MAP kinase phosphorylation
To elucidate the mechanisms involved in radiationinduced caspase-dependent apoptosis, we examined phosphorylation of three MAP kinases. In the control Jurkat cells, radiation activated ERK1/2 and p38 MAP kinases at 60 min with peak activation, but not JNK1/2 (Figure 4a ). Radiation-induced phosphorylation of p38 MAP kinase was attenuated by HSP25 overexpression, whereas no difference was found in ERK1/2 phosphorylation by HSP25. In order to ascertain whether radiation-induced p38 MAP kinase phosphorylation was responsible for radiation-induced ROS generation and apoptosis, dominant-negative p38 MAP kinase (p38-KR) or SB203580, p38 MAP kinase specific inhibitor was treated to the control cells. As shown in Figure 4b -e, radiation-induced increase of MMP, ROS Figure 4 The effect of HSP25 on radiation-induced p38 MAP kinase activation. (a) Vector control-transfected (Control) and HSP25-transfected (HSP25) cells were treated with 5 Gy radiation for the times indicated. Cell lysates were prepared and assessed by Western blot analysis. Cells were transiently transfected with MFG control (Control), flag tagged p38KR retroviral vector expressing dominantnegative kinases, or flag tagged p38WT retroviral vector expressing active kinases, and 24 h later, radiation was treated for 48 h, and then loaded with 30 nM DiOC 6 (b) or 10 mM 2,7-dichlorofluorescin diacetate (DCF-DA) (c), and then collected and analysed by flow cytometry. Apoptotic cells were measured by flow cytometric analysis after PI staining (d) and cell lysates were prepared and assessed by Western blot analysis for caspase-3, -8, -9 and cytochrome c (e). Cells were pretreated 20 mM of SB203580 for 30 min and 48 h of 5 Gy radiation, DCF fluorescence, cell death and Western blotting were performed (c-e). After preincubation with 10 mM DPI or 5 mM Tiron, cells were exposed to 5 Gy radiation and cell lysates were prepared and assessed by Western blot analysis for p38 and phosphop38 (f). Fold induction means relative values that were calculated form densitometric scans of immunoblots, and values of control were represented as one-fold. The results represent one of three independent experiments. *Values are mean7s.e.; Po0.05 vs irradiated control cells
HSP25 inhibits ROS-mediated apoptosis Y-J Lee et al
production, apoptosis and caspase activation were found to be blocked by p38KR transfection as well as 20 mM SB203580 pretreament. Interestingly, p38KR or SB203580 did not affect the MMP, ROS production and induction of apoptosis in the HSP25 overexpressing cells. To examine if activation of p38 MAP kinase indeed affects ROS generation and apoptosis, wild type of p38 MAP kinase (p38WT), which shows increased p38 MAP kinase (data not shown), was transfected to control cells. Increased radiation-induced ROS production and -caspase-dependent cell death were observed in p38WT transfected control cell; however in HSP25 overexpressing cells, no significant difference was found between radiation alone treated control cells and the cells with radiation after p38WT pretreatment ( Figure  4c-e) . From the results, p38 MAP kinase is responsible for radiation-induced mitochondrial ROS generation and apoptosis. When the cells were treated with DPI or tiron, the radiation-induced p38 MAP kinase phosphorylation was not inhibited (Figure 4f ), suggesting that activation of p38 MAP kinase might be an upstream molecule for ROS production.
Radiation-induced p38 MAP kinase phosphorylation was PKCd dependent and HSP25 overexpression downregulated radiation-induced PKCd activation
To elucidate upstream mechanism of radiation-induced p38 MAP kinase activation, we examined PKC activation by radiation in HSP25 overexpression. When PKC inhibitors, including safingol (PKCa inhibitor), GF109203X (PKCa, b and d inhibitor), or rottlerin (PKCd inhibitor), were applied to the control cells, GF109203X and rottlerin were found to inhibit radiation-induced p38 MAP kinase activation (Figure 5a ), increase of MMP (Figure 5b ), ROS production ( Figure 5c ), apoptosis (Figure 5d ), and cytochrome c release (Figure 5e ). When we applied dominant-negative mutant form of PKCd construction (PKCd-KR) also showed similar phenomena with rottlerine pretreated cells, suggesting that PKCd-dependent p38 MAP kinase activation was important in radiation-induced mitochondrial ROS production and apoptosis. The HSP25 overexpression showed effects similar to rottlerine treatment in the inhibition of apoptosis (Figure 5d ). Indeed, PKCd translocation to particulate fraction and increase of PKCd tyrosine phosphorylation were observed in the radiation treated control cells, and the HSP25 overexpression reduced these phenomena (Figure 5f ).
Discussion
In the present study, we demonstrated that HSP25 inhibited radiation-induced caspase-dependent apoptosis via reduction of PKCd-p38 MAP kinase-dependent ROS generation. To the best of our knowledge, this is the first to report that HSP25 overexpression reduced PKCd-mediated ROS production, which results in mitochondiral-mediated caspase-dependent apoptosis.
HSP25 protects the cells from apoptotic cell death triggered by a variety of stimuli, including oxidative stress, radiation and cytotoxic drug (Garrido et al., 1996; Rogalla et al., 1999; Park et al., 2000) . HSP25 overexpression prevented radiation-induced cell death, occurring through characteristic features of apoptosis such as activation of caspase-8, -9, -3, cleavage of PARP and cytochrome c release from mitochondria into cytosol (Figure 1) . Treatment of HSP25 overexpressing cells with caspase inhibitors resulted in no significant difference in induction of apoptosis, whereas 31% less apoptosis in control cells, which was similar to apoptosis of nontreated HSP25 overexpressing cells, suggesting that HSP25 inhibited radiation-induced caspase-dependent apoptosis.
The ROS is essential activators of multiple signaling pathways that influence the cytotoxicity observed in affected cells. The oxidative products of ionizing radiation may activate caspase and subsequent apoptosis, similar to other environmental stresses, such as UV radiation, cytotoxic drug and heat shock in a variety of system. In the present study, we showed the inhibition of radiation-induced ROS generation by HSP25 overexpression (Figure 2) . ROS encompass a variety of diverse chemical species of reducing superoxide anions, hydroxyl radicals and hydrogen peroxide. These various radical species can either be generated exogenously or produced intracellularly from several different sources, and many studies suggest that the majority of intracellular ROS is derived from the mitochondria. Under normal metabolic conditions, the production of mitochondrial superoxide radicals occurs primarily at complex V (ubiquinone-cytochrome c reductase) in the electron transport chain. In our data, the inhibition of radiation-induced apoptosis by DPI was less than that by tiron (Figure 2c ). Since tiron is an antioxidant agent that abolishes the intracellular superoxidant state, these data suggest that superoxide having an effect on radiation-induced cell death was generated from other sites, including DPI sensitive ROS. In addition, the apoptosis inhibitory effects of tiron suggest that HSP25 partially inhibited radiation-mediated superoxide generation. The above data suggest a possibility that radiation-mediated ROS generation occurs in cytosol as well as in mitochondria. A recent paper also reported that PKCd-mediated ROS was due to cytosolic NADPH oxidase (Brown et al., 2003) . Moreover, antioxidant treatment did not completely inhibit radiation-induced cell death, suggesting other factors except for ROS may also involve in radiation-induced cell death.
To obtain direct evidences for HSP25 targets in reduction of radiation-mediated apoptosis, changes of mitochondrial events induced by radiation was examined. Cytochrome c translocation from mitochondria to cytosol can be reproduced in vitro by exposing isolated mitochondria to atractyloside, a compound that opens the permeability transition pore (PTP). Furthermore, mitochondria isolated from Bcl-2 overexpressing cells are resistance to atractylosides-induced release of cytochrome c, whereas such a resistance is not observed with mitochondria purified from HSP27-transfected cells, and HSP27 interferes specifically with events located downstream of apoptosis associated mitochondrial changes (Bruey et al., 2000) . Our data also suggested that HSP25 inhibited radiation-induced-cytochrome c release, events located downstream of mitochondrial changes. We also confirmed that radiationinduced disruption of the mitochondrial function via increase of mitochondrial derived ROS production and DCm, accompanied with the cytochrome c release from mitochondria into cytosol, and that HSP25 attenuated these phenomena (Figure 3 ). The flavoprotein AIF, which is sufficient to induce chromatin condensation and large-scale DNA fragmentation in isolated nuclei, was also released from mitochondria by radiation; however, HSP25 did not interfere with the release of this protein from mitochondrial and cytosol, suggesting that HSP25 blocked AIF-independent apoptosis (Figure 3b) . Treatment of the cells with mitochondrial ROS blocker, rotenone, indicated that the increase in DCm and ROS generation were early events in the Figure 5 The effect of PKCd specific inhibitor, rottlerin, on radiation induced p38 MAP kinase activation, ROS generation and caspase-dependent apoptosis. (a) Vector control-transfected (Control) cells were preincubated with PKC inhibitors, including 10 mM GF109203X (PKCa, b and d inhibitor), 5 mM safingol (PKCa inhibitor) or 5 mM rottlerin (PKCd inhibitor), and then exposed to 5 Gy radiation for 60 min. Cell lysates were prepared and assessed by Western blot analysis. Cells after pretretment of 5 mM rottlerin and exposed to 5 Gy radiation were loaded with 30 nM DiOC 6 (b) or 10 mM 2,7-dichlorofluorescin diacetate (DCF-DA) (c), and then collected and analysed by flow cytometry or apoptotic cells were measured by flow cytometric analysis after PI staining (left), and DNA samples were extracted from cells, subjected to agarose gel electrophoresis, stained with ethidium bromide, and visualized under UV light (right) (d). (e) Cytosolic extracts were prepared and assessed by Western blotting. Cells were transiently transfected with MFG control (Control), HA tagged PKCdKR retroviral vector expressing dominant-negative kinases and 24 h later, radiation was treated for 48 h, and then loaded with 10 mM 2,7-dichlorofluorescin diacetate (DCF-DA) (c), and collected and analysed by flow cytometry. Apoptotic cells were measured by flow cytometric analysis after PI staining (d) and cell lysates were prepared and assessed by Western blot analysis for caspase3, cytochrome c and phospho-p38 (e). (f) Cytosolic and particulate fraction from whole-cell lysates were prepared and assessed by Western blotting (left). Protein extracts (500 mg) were immunoprecipitated (IP) with anti-PKCd antibody, separated on SDS-polyacrylamide gels, transferred onto nitrocellulose, and incubated with antiphosphorytosine antibody, followed by ECL detection (right). Fold induction means relative values that were calculated from densitometric scans of immunoblots, and values of control were based as one-fold. The results represent one of three independent experiments. *Values are mean7s.e.; Po0.05 vs irradiated control cells HSP25 inhibits ROS-mediated apoptosis Y-J Lee et al radiation-induced apoptotic cascade, and appeared to greatly contribute to the inhibition of radiation-induced apoptotic signals by HSP25 (Figure 3d and e) .
Caspase 8 directly activates downstream caspase 3 and 9, which is activated after the release of cytochrome c from mitochondria can also activate caspase 3 (Deveraux et al., 1998) . Conversely, our data suggested that radiation-induced caspase 8 activation was blocked by rotenone treatment. This suggested that there exist activation of caspase-9 and -3, and some feedback mechanisms on the activation of caspase-8 after cytochrome c release as suggested by some studies (Ricci et al., 2003) .
The p38 pathway plays an important role in apoptotic signaling (Musashi et al., 2000) . Numerous studies with various experimental systems show that the MAPK species JNK and p38 in particular are strongly activated by ROS or by a mild oxidative shift of the intracellular thio/sulfide redox states (Kovtun et al., 2000; Kurata, 2000) . In the present study, radiation-induced p38 MAP kinase activation, which contributed to ROS generation and subsequently caspase-dependent apoptotic cell death was shown, to be attenuated by HSP25 overexpression (Figure 4) , suggesting that p38 MAP kinase activation by radiation-induced ROS production, resulting in caspase-dependent apoptosis: HSP25 attenuated p38 MAP kinase activation and finally reduced ROS production and apoptosis. When the cells were pretreated with DPI and tiron, p38 MAP kinase phosphorylation did not change by radiation, suggesting that ROS production by radiation was downstream of p38 MAP kinase pathway. The inhibition of ROS production by p38 MAP kinase was greater extent than that of cell death (Figure 4c and d) , indicating that ROS production may amplify by p38 MAP kinase pathway and may involves partially in radiation-induced apoptosis. Moreover, PKCd was more upstream in the pathway than radiation-induced p38 MAP kinase activation and ROS production ( Figure 5) . Most of the studies suggest that PKCd undergoes caspasedependent cleavage, and that phosphorylation of its tyrosine residues occurs in response to many of the apoptotic stimuli and plays an important role in its catalytic activity in cellular localization (Konishi et al., 1997; Reyland et al., 1999; Kajimoto et al., 2001) . When treated the cells with specific PKCd inhibitor, rottlerin, or dominant-negative PKCd mutant, radiation-induced p38 MAP kinase activation, ROS generation and caspase-dependent apoptosis were blocked ( Figure 5 ). These data indicate that, in radiation-induced ROS generation and caspase-dependent apoptosis, PKCd activation was an upstream event of p38 MAP kinase activation. In fact, particulate translocated-and tyrosine phosphorylated-PKCd in HSP25 overexpressing cells were reduced by radiation, compared with control cells (Figure 5f ). In our previous study , downregulation of ERK2 by HSP25 is responsible for HSP25-mediated radioresistance in L929 fibroblast cells that show the defective activation of p38 phosphorylation by radiation. This discrepancy may be due to cell type specificity. ERK1/2 phosphorylation was shown by PKCd activation in L929 cells , while p38 MAP kinase activation may be major pathway by PKCd activation in Jurkat cells.
HSP27 has been reported to bind to cytochrome c released to cytosol from mitochondria and prevent cytochrome-c-mediated interaction of Apaf-1 with procaspase-9, thereby specifically interfering with the mitochondrial pathway of caspase-dependent cell death (Bruey et al., 2000) . Phosphorylated HSP27 has been shown to bind an adaptor protein Daxx and inhibit Fasmediated apoptosis (Charette and Landry, 2000) , and also been shown to be a survival factor since the interaction between HSP27 and Akt is necessary for activation of Akt (Konishi et al., 2001; Rane et al., 2003) and phosphorylation of HSP27 results in its dissociation from Akt. In addition, HSP27 binds to polyubiquitin chains as well as 26S proteasome, and the ubiquitinproteasome pathway is involved in the activation of transcription factor NF-kB by degrading its main inhibitor, I-kBa (Parcellier et al., 2003) . We recently observed a direct interaction between HSP25 and PKCd, and this observation led us to hypothesize that HSP25 inhibits apoptosis by binding directly to PKCd, thus precluding tyrosine phosphorylation and membrane translocation (unpublished data). Additional studies are in progress to identify the specific region of HSP25 necessary for PKCd binding.
In conclusion, we demonstrated in the present study that ROS generation is a key factor in radiation-induced apoptosis, since the abrogation of ROS generation prevented the caspase-dependent apoptosis. In addition, p38 MAP kinase activation by PKCd activation was involved in the regulation of mitochondrial ROS generation, and HSP25 attenuated this phenomenon by inhibiting PKCd activation in apoptosis. Ability to negatively regulate radiation-induced apoptotic by inhibiting PKCd activation may represent an important hither-to-unknown physiological role of HSP25 in radioresistance ( Figure 6 ). Figure 6 Hypothetical scheme of HSP25-mediated inhibition of ROS production and apoptosis. HSP25 inhibits radiation-mediated PKCd activation, which facilitates p38 MAP kinase-mediated mitochondrial ROS generation and caspase-dependent apoptosis HSP25 inhibits ROS-mediated apoptosis Y-J Lee et al
Materials and methods

Chemicals and antibodies
Safingol (PKCa inhibitor), GF109203X (PKCa b and d inhibitor), rottlerin (PKCd inhibitor), SB203580 (p38 specific inhibitor), Z-DEVD-FMK (caspase-3 inhibitor), Z-IETD-FMK (caspase-8 inhibitor) and Z-LEHD-FMK (caspase-9 inhibitor) were purchased from Calbiochem (La Jolla CA, USA). Anti-caspase-8, -9, -3, anti-Bax, anti-AIF, anti-HSP25, anti-PKCd and anti-b-actin antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA), and antip38, anti-phospho-p38, anti-JNK1/2, anti-phospho-JNK1/2, anti-MEK1/2 and anti-phospho-MEK1/2 (Ser217/221) polyclonal antibodies were from New England BioLabs (Beverly, MA, USA). Anticytochrome c and anti-PARP monoclonal antibodies (PharMingen, San Diego, CA, USA) were also used. Antiphospho-tyrosine antibody was from Upstate (Lake Placid, NY, USA), and 4,5-dihydroxy-1,3-benzene disulfonic acid (Tiron) and DPI (diphenylene iodonium) were from Sigma (St Louis, MO, USA).
Cell culture
Jurkat T leukemia cells were grown in suspension in RPMI 1640 supplemented with 10% FBS, glutamine, HEPES and antibiotics at 371C in a humidified incubator with a mixture of 95% air and 5% CO 2 . The method of constructing the MFG retroviral vector by replacing the GFP sequence of MFG.GFP.IRES.puro was also used to construct MFGHSP25puro. The MFG.GFP.IRES.puro itself was used as a negative control throughout the experiment. The retroviral plasmids were introduced into 293gpg retrovirus packaging cell line by transient transfection with Lipofectamine (Gibco/ BRL) (Ory et al., 1996) . After 72 h, the supernatants were harvested and used for retroviral infection. The virus titers, measured in NIH3T3 cell line by puromycin-resistant colony formation, were between 10 5 and 5 Â 10 5 /ml. The infection and selection of the target cells by puromycin were performed as described previously (Lee et al., 2004) . pHANE was used to generate active (PKCd-CAT) or dominant-negative (PKCd-KR) mutants of PKCd with an N-terminal HA tag. pHACE is a mammalian expression vector that contains a CMV promoter, Kozak translation initiation sequence, ATG start codon, EcoRI cloning site, C-terminal HA epitope tag and stop codon. It was generated into pcDNA3 after digestion with BamH1 and EcoRI (Soh et al., 1999) . pCMV5-wild type (p38WT) or dominant-negative p38 (p38KR), an expression vector encoding the wild type or dominant-negative mutant of p38 MAPK, was also used (Park et al., 2003) .
Irradiation
Cells were plated in 3.5, 6 or 10 cm dishes and incubated at 371C under humidified 5% CO 2 -95% air in culture medium until 70-80% confluent. Cells were then exposed to g-rays with 137 Cs g-ray source (Atomic Energy of Canada, Ltd, Canada) with a dose rate of 3.81 Gy/min.
Detection of apoptosis
DNA laddering Cells were grown in a 10-cm dish and treated with H 2 O 2 , when cells were 70-80% confluence. Both detached and attached cells were harvested by scraping and centrifuging. The cells were then lysed with lysis buffer (5 mM Tris-HCl (pH 8.0), 20 mM EDTA, 0.5% Triton X-100) on ice for 45 min. Fragmented DNA in the supernatant after centrifugation at 14 000 r.p.m. (45 min at 41C) was extracted twice with phenol/ chloroform/isopropanol (25 : 24 : 1, v/v) and once with chloroform, and then precipitated with ethanol and 5 M NaCl. The DNA pellet was washed once with 70% ethanol and resuspended in Tris-EDTA buffer (pH 8.0) with 100 mg/ml RNase at 371C for 2 h. The DNA fragments were separated by 1.8% agarose gel electrophoresis.
Flow cytometic analysis Cells were cultured, harvested at the indicated times, and stained with propidium iodide (PI), according to the manufacturer's protocol, and were then analysed by a FACScan flow cytometer.
Isolation of cytosolic and mitochondrial fractions
Cells were collected and washed twice in ice-cold PBS, and were resuspended in S-100 buffer (20 mM HEPES (pH 7.5), 10 mM KCl, 1.9 mM MgCl 2 , 1 mM EGTA, 1 mM EDTA, and a mixture of protease inhibitors) and incubated on ice for 20 min. After 20-min incubation on ice, the cells were homogenized with Dounce glass homogenizer with a loose pestle (Wheaton, Millville, NJ, USA) for 70 strokes. Cell homogenates were spun at 1000 Â g to remove unbroken cells, nuclei and heavy membranes. The supernatant was respun at 14 000 Â g for 30 min to collect the mitochondria-rich (the pellet) and the cytosolic (the supernatant) fractions. The mitochondria-rich fraction was washed once with the extraction buffer, followed by final resuspension in lysis buffer (150 mM NaCl, 50 mM Tris-Cl (pH 7.4), 1% NP40, 0.25% sodium deoxycholate and 1 mM EGTA) containing protease inhibitors for Western blot analysis.
Polyacrylamide gel electrophoresis and Western blot
For polyacrylamide gel electrophoresis (PAGE) and Western blot, cells were solubilized with lysis buffer (120 mM NaCl, 40 mM Tris (pH 8.0), 0.1% NP40), the samples were boiled for 5 min, and an equal amount of protein (40 mg/well) was analysed on 10% SDS-PAGE. After electrophoresis, proteins were transferred onto a nitrocellulose membrane and processed for immunoblotting. Blots were further incubated with horseradish peroxidase-conjugated secondary antibody, diluted at 1 : 5000, and specific bands were visualized by chemiluminescence (ECL, Amersham International). Autoradiographs were recorded onto X-Omat AR films (Eastman Kodak Co.).
Measurement of ROS production
(1) Lucigenin (5 mmol/l)-enhanced chemiluminescence was used. Cells were detached with trypsin/EDTA and were distributed at 5 Â 10 4 /wells onto a 96-well microplate luminometer (Berthold Technologies, Germany). Immediately before recording, 1 mM H 2 O 2 was added to cell suspension. Light emission was recorded every minute for 20 min and was expressed as mean arbitrary light units/min. Experiments were performed in triplicate, and all results were from at least three independent experiments. (2) The fluorescent probe, 2 0 ,7 0 -dichlorofluorescin diacetateg (DCFH-DA), was used for the assessment of intracellular ROS. For fluorocytometrical analysis, cells were plated in 60 mm dishes (1 Â 10 5 cells/dish) and loaded for 30 min at room temperature with 10 mM DCFH-DA in 5 ml PBS. Unincorporated DCFH-DA was removed by two washes with PBS. After irradiation, fluorescence was measured using flow cytometer (Beckton Dickinson, Franklin Lakes, NJ, USA).
PKC assay
Cellular proteins were extracted by PKC extraction buffer (50 mM HEPES (pH 7.5), 150 mM NaCl, 0.1% Tween 20, 1 mM EDTA, 2.5 mM EGTA and 10% glycerol), containing protease inhibitors (10 mg/ml each of aprotinin and leupeptin, and 0.1 mM phenylmethylsufonyl fluoride) and phosphatase inhibitors (1 mM NaF, 0.1 mM Na 3 VO 4 and 10 mM b-glycerophosphate). HA-tagged PKC proteins from 300 mg of cell extracts were immunoprecipitated with 3 mg of anti-HA antibody and 30 ml of protein G-Sepharose by incubation for 3 h at 41C. The immunoprecipitates were washed twice each with PKC extraction buffer and PKC reaction buffer (50 mM HEPES (pH7.5), 10 mM MgCl 2 , 1 mM dithiothreitol, 2.5 mM EGTA, 1 mM NaF, 0.1 mM Na 3 VO 4 and 10 mM b-glycerophosphate), and then resuspended in 20 ml of PKC reaction buffer. The kinase assay was initiated by adding 40 ml of PKC reaction buffer, containing 10 mg of glutathione S-transferase (GST)-myristoylated alanine-rich C kinase substrate (MARCKS) and 5 mCi of [g-32 P]ATP. The reactions were carried out at 301C for 30 min, and terminated by adding SDS sample buffer, and the mixtures were boiled for 5 min. The reaction products were analysed by SDS-PAGE and autoradiography. Recombinant GST-MARCKS proteins were expressed in Echerichia coli BL21 (DE3)/LysS and purified to homogeneity with glutathione S-Sepharose beads (Pharmacia).
Measurement of mitochondrial membrane potential
mitochondrial membrane potential was determined by the retention of mitochondrial-specific dye DiO6(3). Cells were loaded with 30 nM DiO6(3) during the last 30 min of radiation treatment. After removal of the medium, the cells were washed twice with PBS, and the concentration of retained DiO6(3) was measured using flow cytometer (Beckton Dickinson, Franklin Lakes, MF, USA).
Cell fractionation
After the treatments indicated, cells were washed twice with ice-cold PBS and scraped into PKC lysis buffer (20 mM Tris-HCl (pH7.5), 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 40 mg/ml leupeptin). After brief sonication, the lysate was centrifuged at 100 000 Â g for 1 h, and the supernatant was taken as the soluble fraction. The pellet was resuspended in PKC lysis buffer, containing 1% Triton X-100, and the suspension was centrifuged as before and the supernatant was then removed from the particulate fraction. For analysis of the cytoskeletal fraction, the Triton X-100 insoluble pellet was dissolved in SDS sample buffer. Protein concentration was determined by the Bio-Rad protein assay.
